Abstract
Introduction
Among various factors that determine the health of a river ecosystem and its ability to deliver ecosystem services, discharge (flow [m 3 s -1 ]) is one of the most important ones (Norris and Thomas, 1999) and is sometimes called a 'master variable' (Power et al., 1995) that shapes many fundamental ecological characteristics of riverine ecosystems. The quantity of water required to maintain a river ecosystem in its desired state is referred to as the environmental flow (http://www.eflownet.org/). The first environmental flows were focused on the concept of a minimum flow level; based on the idea that all river health problems are associated with low flows and that, as long as the flow is kept at or above a critical level, the river ecosystem will be conserved. This perspective is still vital in Poland, where one of the most widely used environmental flow methods sets a single value below which biological life in the river is threatened ('hydrobiological criterion') or fish survival is at risk ('fishing criterion') (Kostrzewa, 1977; Witowski et al., 2008) . However, it is increasingly recognised that all elements of a flow regime, including floods, medium and low flows are important (Richter et al., 1996 , Poff et al., 1997 .
In the north-east, lowland part of Poland, many of the rivers are in semi-natural state and the surface water abstractions for agriculture, industry and human needs are not as significant as elsewhere (Piniewski et al., 2011a) . Hence, the river and floodplain ecosystems requirements should be of high priority to water managers in this region. The Earth's warming climate, "now evident from observations of increases in global air and ocean temperatures, widespread melting of snow and ice, and rising global sea level" (IPCC, 2007) , also observed in Poland (Maksymiuk et al. 2008; Marszelewski and Skowron, 2006) , may alter the flow regime significantly and in consequence may pose a serious threat to the river and floodplain ecosystems. Indeed, Poff and Zimmerman (2010) in their comprehensive review of ecological responses to altered flow regimes found out that of the 165 papers analysed, 152 reported decreased values for recorded ecological metrics in response to a variety of types of flow alteration. Acreman et al. (2009) showed that the projections of reduced summer precipitation and increased evaporation will put stress on floodplain wetland plant communities in the UK. The study of Laizé et al. (2010) suggested that climate change can impact European river ecosystems through flow alterations to a large extent.
A well-established quantitative method of estimating impact of climate change on hydrological systems is to use the output from the General or Regional Circulation Models (GCMs/RCMs) as the input to hydrological models (Fowler et al., 2007) . The size of the study area often determines the tools applied for this purpose. In the case of regional perspective (the order of magnitude of 10,000 km 2 ) two types of distributed physically-based models are of particular interest:
1. Catchment-scale models, such as SWAT (Soil and Water Assessment Tool), cf. Arnold et al., 1998 , Neitsch et al., 2005 2. Global or continental hydrological models, such as WaterGAP (Water -Global Assessment and Prognosis), cf. Döll et al., 2003; Alcamo et al., 2003. Using models from the first group often enables to create more fit-for-purpose model setup, with extensive local datasets and to perform more sophisticated calibration, for the trade-off of time and money necessary to perform the whole study. The models from the second group usually use readily available global datasets and their calibration is not oriented towards individual river basins. reported that it is equally feasible to apply the global hydrological model Mac-PDM.09 as it is to apply a catchment model to explore catchment-scale changes in runoff due to global warming from an ensemble of GCMs.
The objective of this study is to analyse the effect of climate change on environmental flow indicators in a semi-natural river basin using distributed models with different degrees of spatial aggregation. This study is a follow-up to the study of Piniewski et al. (2011b) who compared the effect of using SWAT or WaterGAP in the climate change impact assessment on runoff. The conclusion of the latter study was that while the global model was capable to produce results comparable to the catchment model in terms of more generic indicators such as mean annual runoff, direction of change in monthly runoff or shift in peak runoff, differences in magnitudes of projected changes in monthly runoff were clearly present. In the current study the focus is on indicators more relevant for the needs of the water-dependent ecosystems and the approach is more spatial than in the previous one.
Data and Methods

Study area
The River Narew upstream of Zambski Kościelne gauging station is situated in north-east of Poland (Fig.1) and its basin area occupies ca. 28,000 km 2 . The rivers of the Narew basin are typical lowland rivers with low slopes and large floodplains. The climate of this part of Poland is moderately warm with annual mean precipitation of ca. 600 mm. Peak runoff usually occurs in rivers after snow thawing in early spring. The dominant soil types are loamy sands, sandy loams and organic soils, whereas the dominant land use is agriculture (46% as arable land and 17% as grassland). The Narew basin is lowly impacted by anthropogenic pressure. The population density is estimated at 59 people per km 2 only (the whole of Poland has a population density of 119 people per km 2 ). Many of its river valleys are in close to natural state and protected as either national parks or Natura 2000 sites. Further description of the Narew basin was provided by Okruszko and Giełczewski (2004) and more recently, with the emphasis on ecological data on fish and floodplain wetlands, by Piniewski et al. (2011a) . 
Hydrological models
The catchment-scale model used in this study was the SWAT model (version SWAT2005), developed at the Grassland, Soil and Water Research Laboratory in Temple, Texas, USA (Arnold et al., 1998; Neitsch et al., 2005) . The global-scale model used was the WaterGAP model, developed at the Center for Environmental Systems Research, University of Kassel, Germany Alcamo et al., 2003) . It comprises two components: a Global Hydrology Model to simulate the terrestrial water cycle and Global Water Use Model to estimate water consumption and withdrawals of different water use sectors. In this study the latter component was not used, since water use is not an important issue in the Narew basin. Piniewski et al. (2011b) compared the modelling approaches and main inputs used for the Narew case study in SWAT and WaterGAP. SWAT is a physically-based tool, although it uses many conceptual modelling approaches such as the US SCS curve number method. In SWAT a river basin is subdivided into sub-catchments (each comprising a single river reach) which are further subdivided into hydrological response units (HRUs), obtained through overlay of land use, soil and slope maps in each sub-catchment. In this study the setup of SWAT elaborated by using 151 sub-catchments and 1,131 HRUs was used. In the latter study spatially distributed calibration of SWAT in the Narew basin proved its capability to simulate daily flows in a satisfactory way. The version of WaterGAP applied in this study (i.e. WaterGAP3) works with a spatial resolution of 5 by 5 arc minutes (~6 x 9 km in central Europe) which is an upgrade compared to the previous version used in Alcamo et al. (2003) and Döll et al. (2003) and one of the finest resolutions of global hydrological models (cf. Haddeland et al., 2011). WaterGAP was not calibrated intentionally for the Narew basin, but was applied with its default global settings obtained from the global calibration process. One of the calibration points was the Global Runoff Data Centre station Ostrołęka (GRDC ID 6458810) situated in the lower Narew. In this study SWAT was driven with daily climate input, whereas WaterGAP with monthly input, which needed to be downscaled to daily inputs using statistical methods. We used monthly outputs from both models in the analyses.
River flow as the model output is calculated for individual grids in WaterGAP and for outlets of river reaches in SWAT. Output from all 151 SWAT outlets and from a subset of 85 WaterGAP grid cells representing major rivers in the Narew basin was used for analysis. In order to enhance statistical analysis of environmental flow indicators using output from both models, a one-to-one relationship between the WaterGAP grid cells and the SWAT outlets of river reaches was established. 58 pairs were distinguished based on comparative analysis of drainage topology and upstream catchment areas in WaterGAP and SWAT (Fig. 2) . Due to simplified drainage topology of WaterGAP (based on the global drainage direction map DDM5, Döll and Lehner 2002) and irregular size of river reaches in SWAT, the coupling was arbitrary in several cases.
Climate models
The climate change forcing was derived from the output of two GCMs for the time period 2040-2069, hereafter referred to as the 2050s: IPSL-CM4 from the Institute Pierre Simon Laplace, France (Marti et al., 2005) and MIROC 3.2 from the Center for Climate System Research, University of Tokyo, Japan (Hasumi and Emori, 2004) , both forced by the SRES-A2 emission scenario (IPCC, 2007) . Monthly precipitation and temperature derived from these GCMs was downscaled to a finer resolution using a simple bilinear interpolation approach. To reduce the GCM biases, the delta-change approach was applied. This simple bias correction method builds on the assumption that GCMs more accurately simulate relative changes than absolute values (Fowler et al., 2007) . The baseline period for simulations in WaterGAP was 1961-90 and for the simulations in SWAT it was 1976-2000. Both climate models project similar increase in mean annual basin-averaged temperature, however the seasonal variability of this increase is different (Fig. 3a) . Regarding basinaveraged precipitation, the uncertainty of climate model projections is high (Fig. 3b) . According to MIROC3.2, there is an 11% increase in annual precipitation whereas according to IPSL-CM4 there is no change. However, the within-year changes vary considerably between the models. For instance, two periods can be found where MIROC3.2 projects a large increase and IPSL-CM4 a little change or a decrease in precipitation: (1) from March to April; (2) from August to October. It is worth to note that despite of differences in magnitude and seasonal variability in precipitation projections, there is a good agreement in spatial gradient of projected changes in mean annual precipitation (Fig. 4 (b) and (d)), with north-west receiving more and south-east less precipitation. The east-west gradient is visible also for projections of future temperature change (Fig. 5 (a) and (c) ). 
Environmental flow indicators
To assess the impact of climate change on environmental flows, a method was developed (Laizé et al., 2010) based conceptually on the Range of Variability Approach (RVA) using Indicators of Hydrological Alteration (IHA), a desk-top technique for defining environmental flow requirements (Richter et al., 1996 . The IHA/RVA recognises that all characteristics of the flow regime (e.g. low and high flows events) are all ecologically important. The hydrological regime (monthly runoff) is first described by nine parameters (one value per year of record per site) from which indicators (one value per period of record per site) are derived as follows: the median (50 th percentile) describes parameter magnitude and the difference between the 75 th and 25 th percentiles describes variability (with the exception for flood and minimum flow timing parameters, which are months 1 to 12, and are best summarised by their mode). Consequently, there are 16 indicators (7 magnitude indicators + 7 variability indicators + 2 mode indicators); see Table 1 for details. Parameters and indicators are computed for the baseline data and for all scenarios. Indicators P1-P3 are classified as flood indicators, Based on common expert knowledge, for a given indicator, scenarios are considered not significantly different from the baseline if the indicator difference is within 30% (with the exception of mode indicators for which a threshold of 1 month was used). Differences are aggregated via a colour-coding system: a site was assigned blue, green, amber, or red when its number of indicators differs from the baseline by 0, 1-5, 6-10, or 11-16, respectively. Due to the fact that SWAT and WaterGAP were run for different baseline periods (SWAT for 1976 -2000 and WaterGAP for 1961 , two cases for comparison were distinguished:
1. Joint baseline period of 1976-1990; 2. Separate baseline periods for each model. 
Results
The results presented below show projected impacts of climate change on environmental flows using output generated by WaterGAP and SWAT. The WaterGAP part of the results is a subset of the analysis performed at the pan-European scale (Laizé et al., 2011) . Figures 5 and 6 illustrate spatial variability in colour codes derived from aggregation of the environmental flow indicators. It is worth noting that in the case of SWAT there is a relatively good agreement between two climate models, especially for joint baseline period, whilst in the case of WaterGAP, IPSL-CM4 suggests considerably larger impact than MIROC3.2. For each climate model -hydrological model combination it can be observed that for the joint period the impacts are larger than for the separate periods, which might be explained by the fact that in 1979 there was one of the most extreme floods in the 20 th century. Using only 15-year period might also result in biased statistics, therefore in the further study only the results for separate periods are presented.
Statistical analysis of SWAT-and WaterGAP-based results was performed for the subset of 58 pairs of SWAT outlets and WaterGAP grid cells (cf. Fig. 2) . Percent of pairs with consistent colour codes equalled to 66% for IPSL-CM4 and 69% for MIROC3.2. There was no pair with a green colour code for one model and a red colour code for another model. In an attempt to understand which indicators were responsible for differences between SWAT-and WaterGAP-based estimates, the background data i.e. 16 Richter statistics making up the composite colour-coded index, were analysed (cf. Table 1 ). Percent of pairs for which the impact of climate models was consistent between SWAT and WaterGAP was variable across the set of Richter statistics (Fig. 7) . In average, 61% pairs had consistent impact for IPSL-CM4 and 62% for MIROC3.2. This percentage ranged from 18% for the flood magnitude median (P1) for IPSL-CM4 to 100% for low flow magnitude variability (P13) for IPSL-CM4 as well as low flow magnitude and duration medians (P12 and P15) for MIROC3.2. The highest degree of consistency was reached for low flow statistics (67-77%), while the lowest for flood statistics (39-44%), as illustrated in Fig. 8 . The results were also more consistent for the median (64-73%) than for the mode and the mean (48-59%). Spatial analysis of consistency between SWAT-and WaterGAP-based results shows that there is a strong variability of this phenomenon (Fig. 9 ). In the case of IPSL-CM4, the lowest consistency can be observed for grid cells with small upstream catchment area. For both climate models there is a good consistency in the River Pisa, which drains the lake district in the northern part of the basin (cf. Fig. 1 ). This might be explained by lakes acting as a buffer, since both of the models show relatively low impact on studied indicators (cf. Fig. 5 and 6 ). Another potential reason for inconsistencies between SWAT and WaterGAP is imprecise schematisation of the stream network in the latter model (cf. Fig. 2) . 
Conclusions
The impact of climate change on environmental flow indicators in the rivers of the Narew basin is substantial, although spatially variable, climate model dependant and hydrological model dependant. Spatial variability is surprisingly large, taking into consideration that variability in projected temperature and precipitation changes is not very large for this region (cf. Fig. 4) . It is not clear whether spatial variability in projected impacts themselves and in the differences between impacts projected by SWAT and WaterGAP can be explained by climatic factors or catchment properties. It is noteworthy that according to the SWAT model, both climate models suggest the most severe impact in the River Biebrza (cf. Fig. 1 ) which is internationally recognised for its extremely valuable floodplain wetlands (Okruszko, 1990) .
The message saying that the most valuable ecosystems would be exposed to the highest climate change risk could concern local water managers and stakeholders, hence this issue requires further studies and deeper understanding.
The presented results suggest that from two climate models showing a comparable change in temperature (cf. Fig. 3 and 4) , the one that shows annual precipitation increase by 11% (i.e. MIROC3.2) forces impacts of lower magnitude than the one showing no change in annual precipitation (IPSL-CM4). This could be interpreted that the increase in precipitation acts as a buffer to the increase in temperature.
The degree of consistency in colour-coding indicators between SWAT and WaterGAP (cf. Fig. 5 and 6 ) is relatively good. For both climate models more than 60% of selected grid cellreach outlet pairs have consistent colour codes and in none of the cases a difference of two classes is present. This should generally be good information for decision-makers. Piniewski et al. (2011a) argued that indicators of highest importance for many valuable fish and floodplain wetland plant species in the Narew basin are duration and timing of floodplain inundation. There are no direct counterparts of those in the set of indicators P1-P16 used in the current study, however the closest are P1, P2 and P3 (flood indicators). As illustrated in Fig. 8 , for this group of indicators there is the largest disagreement between the hydrological models. Hence, the future work should also focus on studying the impact of climate change on environmental flow indicators relevant for the fish and floodplain wetlands. This, however, would require analysing output with a daily and not monthly time scale.
